The present work is focused on better understanding of the interfacial interactions of SBA-15 mesoporous silica particles with flax fibers. In order to overcome the inherent complexity of flax fiber surface composition we have prepared model polysaccharide surfaces representing the main component of the flax fibers, e.g. cellulose, polygalacturonic acid (PGUA), and xyloglucan (XG) with thicknesses of about 200 nm, 100 nm, and 110 nm, respectively. The ξ-potential measurements of both silica and polysaccharides were performed in aqueous solutions as a function of pH and ionic strength. ξ-potential, AFM and SEM results supported the important role of electrostatic interactions in the silica adsorption on polysaccharide surfaces, since silica adsorption increased remarkably with ionic strength. The adsorption density of the SBA-15 onto the various polysaccharides was Cellulose > PGUA > XG, and the maximum was observed at pH = 4. Urea used as hydrogen bonds breaker reduced significantly the adsorption of SBA-15 on the polysaccharide surfaces, which highlighted the significant contribution of hydrogen bonding in the adsorption process. It was observed that most adsorbed SBA-15 particles were resistant to ultrasonic washing, which revealed their strong irreversible adsorption. Finally, direct adsorption experiments on both raw and treated real flax fibers yielded results consistent with those of model surfaces showing the important role of the surface fibers treatments on the improvement of the interfacial adhesion of the silica particles with flax fibers. The remarkable affinity of the SBA-15 particles with treated flax fibers is encouraging to design superinsulators composites with tuneable mechanical performances.
Introduction
Developments of innovative efficient materials presenting high thermal insulation performances have recently attracted a great deal of interest because of their remarkable potential in building sector. In this context, a variety of inorganic materials have been used in designing of new materials with excellent physical and chemical structures due to their very high porosity, nano-scale pore sizes and lightweight. Such promising kinds of materials are called aerogels well-known as superinsulators. Indeed these systems yield a significant decrease of solid and gaseous thermal conductivity due to air confinement effect [1] - [3] . The characteristic of small solid thermal conductivity is the result of the high porosity of the aerogels structure, while the low gaseous thermal conductivity can be explained by the Knudsen effect, describing the gaseous conduction in a porous media as function of the air pressure and the characteristic pore size [4] [5] .
Most of these inorganic superinsulating aerogels deal with silica materials that consist of a cross-linked internal structure of silicon oxide chains with a large number of air-filled pores. However, the main disadvantage of these materials is nevertheless, their low mechanical strength resulting from their low mass density. The silica aerogels fragility restricts considerably their use in conventional industrial applications. In order to improve the mechanical resistance of these ultraporous structures, extensive efforts are being made to develop organic-based aerogels. Among the various proposed materials, one can cite resorcinol/formaldehyde aerogels [6] , and polyurethane, polyisocyanurate aerogels [7] [8] . Another alternative way for pure silica aerogels is their coupling with a more mechanical resistant material in order to elaborate strong and flexible aerogel-composites [9] .
Considering the increasing environmental awareness, the biggest challenge of thermal superinsulator materials is not only their improving energetic behavior, but also their environmentally-friendly property which is of great interest from both economic and ecologic viewpoints [9] . Indeed, in the search to substitute traditional insulating materials with ecologically sourced alternatives, many attempts and efforts have been made to use biodegradable, recyclable and renewable materials. Vegetable fibers have been considered as one of the most promising available natural materials candidates for the development of eco-friendly building insulators due to their low density, porous structure, low cost, renewability and their intrinsic mechanical properties [10] . Such fibers have complex microstructure; they are composed by crystalline cellulose polysaccharide organized on several fibrils of around 10 nm diameter embedded in an amorphous matrix mainly composed of pectins and hemicelluloses. The cellulose fibrils constitute the layers of both primary and secondary cell walls [11] [12]; their unique structure, molecular organization and high crystallinity offer high strength to the flax fibers [13] [14] . The lumen cavity presented inside the secondary cell confers to the fibers a porous structure that makes them suitable for classical thermal insulation. Indeed, Kymäläinen and Sjöberg [15] have reported the suitability of bast fibers of flax in building thermal insulation; however, they have noticed their negative effects on indoor air quality if they are used alone. In order to overcome this risk, authors have proposed to use the bast fibers of flax with additives. Similarly, Kozlowski et al. [16] have demonstrated that flax fibers can be used as filling and facing insulation materials. Still under debate, some life-cycle analyses show that these natural raw fibers ensure more ecological characters than glass wool conventionally used in houses thermal insulation. More recently, El Hajj and co-workers [17] have reported that production of efficient thermal insulating materials using flax-tows need their association with more mechanical resistance-materials. Innerlohinger et al. [18] have described for the first time an aerogel material entirely prepared from renewable resource using cellulose-the main component of the vegetable fibers. They conclude that the physical and chemical properties of the as-prepared cellulose aerogel permit its application in the field of thermal insulation.
In this context, we aimed at designing new porous material based on flax fibers coated with SBA-15 mesoporous silica particles. The interest of SBA-15 lies in its high specific surface area, ordered pore systems, and uniform and nano-scale pore diameters. In addition to the physico-chemical interest, the particles are synthesized via the well-known sol-gel method classified as soft chemistry process, which offers great potential in eco-friendly insulation applications [19] . Due to their mechanical, thermal, and optical properties of the silica/cellulose composites, they are emerging as promising materials in different fields especially papermaking applications. For improving the silica particles dispersion and increasing their attractive forces with cellulose, Holmberg et al. [20] have prepared the composite in highly charged cationic polyelectrolyte, while some other authors have proposed the sol-gel process [21] [22] , as well as cellulose chemical functionalization [23] .
Therefore, understanding the effects of fibers characteristics and their interfacial interactions with the silica particles is essential to the improvement and optimization of both the mechanical properties and the thermal insulating performances of the fiber-silica composite. However, the very complex composition and heterogeneity of the flax fibers, as reported above, make difficult the understanding of the adsorption mechanisms on real fiber. In order to make simplify the system we have represented the fiber by model surfaces of its main polysaccharides, as recently reported by our group in the study of the adhesion of PLA with flax fibers [24] . Smooth cellulose, xyloglucan and pectin surfaces were prepared via spin-coating method, and used separately to study their affinity with the SBA-15 particles in aqueous media. The morphology of the prepared polysaccharide surfaces was analyzed by atomic force microscopy, and their wettability with water contact angle measurements. Apart from the micrometer-scale of the SBA-15 visualized by SEM, we have also used Stöber colloidal silica of nanometer-scale to characterize the obtained surfaces by AFM microscopy in tapping mode. This comparison is expected to reinforce our understanding of the interactions between the mineral charges with the polysaccharide model surfaces. The surface charge of the different polysaccharides and the silica particles was determined using zeta potential measurements. Then we have studied and compared the adsorption capacity of SBA-15 on the model surfaces varying preparation conditions, such as the initial pH solution and the ionic strength, followed by using urea chelating agent in order to evaluate the hydrogen bonding interactions between hydroxyl groups of SBA-15 and polysaccharide surfaces. Finally, we have investigated the effect of the flax fiber wall treatments on the interface SBA-15/flax fibers using scanning electron microscopy.
Materials and Methods

Materials
Microcristalline cellulose with an average size of 20 µm (Cellulose, Aldrich), polygalacturonic acid extracted from orange (PGUA, Sigma-Aldrich), it's the major component of pectin, Xyloglucan from tamarind seed (XG, Megazyme), tetraethyl orthosilicate (TEOS, 98%, Aldrich), triblock copolymer P123 (PEO20PPO70PEO20), sodium chloride (NaCl, Sigma-Aldrich), calcium chloride (CaCl 2 , Sigma-Aldrich), urea (Sigma-Aldrich), ammonia (28%, Acros), absolute ethanol (Fisher Scientific), sodium hydroxide (NaOH, 99%, Sigma-Aldrich), hydrochloric acid (HCl, 37 wt%, Sigma-Aldrich) were used as received without further purification. The lithium chloride (LiCl, Aldrich) was dried at 200˚C for 1 day, and the N,N-dimethylacetamide (DMAc, Sigma) was freshly dried at 110˚C prior to use.
The used flax fibers (Marylin variety) are grown in Neubourg (France) in 2009. 18 MΩ Milli-Q (Millipore) water was used in the preparation of all the aqueous solutions.
The amount of silica adsorbed amount is determined using ImageJ software (NIH USA).
Synthesis of Stöber Silica Nanoparticles
Spherical silica nanoparticles were prepared using Stöber sol-gel procedure. A mixture of 14 mL of TEOS and 56 mL of ethanol was added to a solution of 144 mL of ethanol, 18 mL of water and 7 mL of ammonia, and the mixture was stirred at room temperature under nitrogen atmosphere for 2 h. The resulting nanoparticles were thoroughly washed with ethanol via three repeated cycles of centrifugation/dispersion, and then dried in oven at 110˚C overnight.
Synthesis of SBA-15 Mesoporous Silica
SBA-15 hexagonal mesoporous silica particles were prepared using non ionic surfactant, Pluronic P123 as structured agent; typically 4 g of P123 was dissolved in a mixture of 19.5 ml HCl 12 M and 127 ml of distilled water. After 3 h of vigorous stirring at 40˚C, 8.62 g of TEOS were added under stirring, and after 5 min of TEOS addition the stirring was stopped and the solution was maintained at 40˚C for 2 h. Then the product was filtered and thoroughly washed with distilled water and then dried in oven at 70˚C for 48 h. In order to liberate the porosity, by removing the template, the as prepared particles were calcinated in a muffle furnace at 500˚C for 4 h.
Preparation of Polysaccharide Model Surfaces
The model surfaces preparation is a two-step process, the dissolution of the polysaccharides and then deposition of these solutions on freshly cleaved mica surfaces cut to 1 cm squares, as reported previously by Raj et al. [24] . Briefly, the XG and PGUA solutions were prepared at a concentration of 10 g·L −1 by dissolving in Milli-Q water and in an acetate buffer solution of pH 4.5, respectively. The 0.5 wt% cellulose solution was prepared by dissolving microcrystalline cellulose in a solution of 9% LiCl in DMAc. A drop of the filtred (0.1 µm diameter) biopolymer solution was deposited on a mica surface and spin-coated for 1 min, at 2500 rpm in the case of XG and PGUA, and at 3000 rpm for cellulose. The obtained XG and PGUA thin films were subsequently dried at 50˚C under vacuum for 4 hours, and the cellulose thin film was previously washed in Milli-Q water in order to remove the adsorbed LiCl, and then dried at 160˚C under vacuum for 10 min.
Adsorption of Silica Particles on Model Surfaces
The cellulose, XG, and PGUA model surfaces were incubated separately on 10 mL of 3 g·L −1 silica suspension with agitation using a magnetic stirrer during 2 h at room temperature. The suspensions were adjusted to the desired pH ranging from 2 to 8, by adding aliquots of HNO 3 (1 M) or NaOH (1 M) at the beginning of the experiment. Afterward surfaces were washed with Milli-Q water under sonication, and dried under air. In order to study the effect of ionic strength on silica particles adsorption, experiments were conducted in presence of CaCl 2 at four different concentrations varying from 5 × 10 −3 to 5 × 10 −2 M.
Flax Fibers Treatments and SBA-15 Adsorption on the Fibers
The flax fibers have been treated with different solvents, as soxhlet, water and sodium hydroxide. All these treatments procedure were described in detail in literature [25] [26] . Briefly, the soxhlet treatment was achieved by subjecting the fibers to toluene/ethanol [75/25 (v/v)] mixture extraction for 24 h. The cleaned fibers were then washed for several times with Milli-Q water and then dried in an oven under vacuum at 80˚C for 5 h. Water and NaOH treatments were performed by soaking 1 g of soxhlet-pretreated fibers in 100 ml of water or in 5 wt% of NaOH solutions for 72 h and 20 min at 23˚C, respectively. Afterwards, the NaOH-treated fibers were washed for several times with Milli-Q water, neutralized with a few drops of acetic acid solution, then washed again with water and finally dried in an oven under vacuum at 80˚C for 5 h. The experiments of adsorption of SBA-15 on the flax fibers were performed by introducing 0.05 g of untreated, soxhlet, water, and NaOH treated fibers in 20 ml of 3 g·L −1 suspension of SBA-15 at pH 4 for 2 h. The loaded-fibers were then washed for with Milli-Q water under sonication and then dried in an oven under vacuum at 80˚C for 5 h.
Biopolymers Thin Films and Biocomposites Characterization
Atomic Force Microscopy (AFM)
Morphology, roughness and thickness of polysaccharide model surfaces, and their surface adsorption of Stöber silica nanoparticles were accomplished by tapping mode AFM under ambient conditions (23˚C and 56% RH) using a Nanoscope IIIa multimode scanning probe microscope from Veeco, USA.
Scanning Electronic Microscopy (SEM)
Adsorption and dispersion of SBA-15 nanoparticles on the different polysaccharide surfaces were investigated using a Jeol JSM 6460LV scanning electron microscope. All the samples were sputter-coated with gold before analysis.
Contact Angle Measurements
The room temperature static contact angle of water on the different polysaccharide films was determined with a Digidrop GBX. The contact angles were measured after 20 ms water droplet deposition.
Zeta Potential Measurements (ξ-Potential)
The zeta potentials measurements of cellulose, PGUA, XG, and silica nanoparticles at pH 2 -8 rang were determined by dynamic light scattering (DLS) at 25˚C using a Malvern Zetasizer Nano ZS instrument. The solutions were prepared dissolving or dispersing the polysaccharides and the silica particles in Milli-Q water at a concentration of 1 g/L, using ultrasonic bath during 2 h, then magnetic stirrer during 15 h. Each data value is an average of three measurements.
Results and Discussion
Structure and Surface Charge of the Biopolymers and Silica Particles
Investigation of the relations between electric charges is essential for understanding the mechanism of silica par-ticles interaction with flax fiber biopolymers. The surface electric charge can be assessed by zeta potential, known as a measurable parameter related to the charge and electric double layer of surfaces in aqueous solutions. The zeta potential can also be described as the electrical potential at a hypothetical "slip plane" adjacent to a charged surface [27] . This ionic double layer results from the solvation of charged particle. Therefore, zeta potential parameter is based on the charge displacement in the electric double layer caused by an external force shifting the liquid phase tangentially against the solid [28] . The electrophoretic mobilities were converted to zeta potential using the Smoluchowski-Helmhotz equation:
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where ξ is the zeta potential (mV), ε, µ E and η are the dielectric constant of the solution, the electrophoretic mobility and viscosity, respectively. E E µ V E = , with V E is the electrophoretic rate (s
) and E represents the electric field (V·m ). Figure 1 shows the relation between the zeta potential and the pH of the silica particles in aqueous media. It can be observed that all the compounds have no point of zero charge; they exhibit negative zeta potential in the studied pH range from 2 to 8, except Stöber SiO 2 , which shows an isoelectric point located around pH 2.8. This Figure shows that ξ-potential is significantly influenced by the pH of the silica dispersions.
It is noteworthy that the zeta potential is not only used to determine the surface charge of colloidal systems especially silica particles, but can be extended to the macromolecules materials [29] . However huge differences between the two systems rely on the complexity of the polymer that make the signification of the net surface charge density in polymers more puzzling. In particular, polysaccharides chains adopt different chain configurations that result generally from polymer-media interactions. In aqueous solution, polysaccharides such as xyloglucan, can be completely water-soluble, partially water soluble like PGUA, or insoluble like cellulose. Such differences can largely be affected by solution pH and ionic strength, and therefore play an important role on chains conformations. The chains conformations can remarkably change the surface character of the polysaccharides, thus their zeta potential value as reported previously by Obaidat et al. [30] in the case of chitosan, and by Carneiro-da-Cunhaa et al. [31] [32] for various other polysaccharides. As stated by Bellmann et al. [33] the change in the zeta potential value of natural polymers is not only the consequence of their surface chemical composition like presence or absence of functional groups, but also by their swelling behavior (e.g. water uptake). According to the literature [34] [35] , the absolute values of zeta potential of natural fibers and nanofibrils decrease with moisture content. The authors explained their observations by the shift of the slip plane with swelling of the fibers in the used solvent.
The surface electric charge on aqueous solutions of the studied polysaccharides (Figure 2 ) is attributed to the presence of multiple free hydroxyl groups (cellulose, xyloglucan) and carboxylic acid functions (polygacturonic acid). These groups are known to be easily dissociated with varying the solution pH. On the other hand, the abundance of these functional groups yields polysaccharides association via hydrogen bonding resulting on the possibility of macromolecules aggregation. This associative behavior explains the low zeta potential values obtained at high acidic pH. It can also be observed that the surface charge became strongly negative with increasing pH, except for XG for which, the zeta potential was only slightly modified versus pH. The values obtained for cellulose and PGUA indicate that the surface of the materials present a sufficient number of anionic charges ( potential ξ − > 30 mV) due to the dissociation of the hydroxyl or carboxylic acid functional groups present in a high amount on the various molecules as described previously. We can also notice the pronounced plateau values observed for all the series of materials, which can correspond to the stabilization of their surface charge in the neutral-alkaline range. The low absolute value of the zeta potentials of XG, less than 15 mV, may be attributed to its neutral surface [36] , while its small dependence on pH can be explained by the low mobility of the proton of its hydroxyl groups and therefore their poor dissociation.
Surface Morphology and Wettability of Polysaccharide Films
AFM surface morphology and height profiles images (Figure 3) show that the PGUA and XG films are highly smooth and homogeneous, with an RMS roughness estimated on a scan size of 5 µm 2 averaged 0.7 nm for both the films. However, the cellulose film was slightly rougher, with an RMS of about 4 nm. Cellulose layers can be considered as a rather compact nanoporous network. TM-AFM was also employed to determine the films thicknesses by scanning the scratched surfaces and measuring the difference in height between the top polysaccharide films and the mica surface. The obtained thicknesses were found to be of the order of magnitude of 200 nm, 100 nm and 110 nm for cellulose, PGUA and XG, respectively. These AFM results confirm that the prepared thin films can be used as model polysaccharide surfaces representing the real polymers of the flax fiber to study their adhesion with silica particles in aqueous solutions. The contact angles of the prepared films were found to be 40˚, 35˚, and 25˚ indicating their hydrophilic nature, owing to the strong interaction of the OH groups of the cellulose, XG and PGUA, respectively, with water molecules.
Effect of pH and the Nature of the Polysaccharide on Silica Adsorption
The properties of polysaccharide surfaces and silica particles are strongly pH-dependent due to the dissociation of OH-groups of hydroxyl, carboxylic acid, and silanol functions of cellulose and XG, PGUA, and SiO 2 , respectively. Several works reported the pH of isoelectric point at 25˚C of silica that ranges from 1.7 to 3.5 and that is close to 3 for most of the polysaccharides [37] [38] .
The effect of pH on the adsorption of silica nanoparticles onto the polysaccharide thin films was evaluated at pH ranging from 2 to about 8 (lower and higher pH values were not studied because of the possibility of dissolution of silica particles) via AFM and SEM characterizations (Figure 4) . It is worth noting that in this range of pH, dynamic light scattering has evidenced that the particles are stable and homogenous in aqueous solution. ImageJ software (NIH, USA) was used to evaluate the adsorbed silica particles amount from SEM analyses and the obtained results are given as adsorbed quantity per 5 µm 2 of polysaccharide surface versus pH as illustrated in Figure 5 . It is assumed for that image treatment that silica particles are adsorbed in 2D in monolayers equivalent.
It clearly appears that pH plays an important role in immobilization of SBA-15, due to the variation of its surface chemistry with pH. As can be observed from both SEM and AFM results, cellulose films exhibited higher ability to bind and to disperse homogeneously on the surface the silica particles than PGUA and XG films, respectively, at all pH values (Figure 4) . The main reason for this marked difference of silica adsorption between the various polysaccharides (cellulose > PGUA > XG) would be due to the difference of their surface chemistry. The similar negative charges of both silica particles and cellulose biopolymer measured by zeta potential measurements brings the conclusion that the adsorption is not only due to the electrostatic interactions but also to van der Waals interactions and hydrogen bonding. Indeed, the strong material affinity at acidic pH partially originate from the poor electrostatic repulsion and the high hydrogen bonding between the high amount of accessible silanol groups of silica particles and hydroxyl functions of cellulose. In addition, as stated by Ribitsch et al. [36] , the high negative zeta potential values indicate strong degree of swelling of polysaccharides. Such swelling might enhance the flexibility of the polymer chains and therefore the accessibility of interacting sites to the silica particles. Similarly, the high interaction between silica and PGUA and XG in the acidic conditions can be attributed to the van der Waals contribution whereas the weak adhesion of the particles toward cellulose and PGUA films at basic pH regions can be related to the strong electrostatic repulsions when all the species are highly negatively charged. It can be noticed that at pH 2, the poorly charged silica particles have a tendency to aggregate due both to van der Waals attraction and association through hydrogen bonding, showing a large surfaces covering of all the polysaccharide films. The explanation comes from the neutral charge of the surface of the silica particles at this pH, closer to their isoelectric point. One can see a strong decreasing of the adsorbed amount of silica on the various surfaces at the early basic pH that yield deprotonation of the silica surface hydroxyl groups and therefore a reduction of the H-bond potential. An interesting result that can be observed from the AFM and SEM images is that at pH = 2 and 4, the particles are densely packed and distributed on the film surfaces. This means that the attraction between silica particles and their interactions with polysaccharides surfaces is enhanced close to the pH of isoelectric point. Indeed Figure 5 shows that for cellulose and XG, the adsorption amounts first increased with pH increasing to reach a maximum at pH = 4 then decreased in basic conditions. This effect is related to the better dispersion of the particles on the surfaces at this pH but is not fully explained by the balance of the van der Waals versus elec-trostatic forces. Moreover, the adsorption behavior on PGUA decreases continuously with pH increase. This is presumably due to its strong anionic surface charge density increase with increasing pH as can be seen in Figure 3. 
Effect of Ionic Strength on Silica Adsorption
To explore the role of electrostatic interactions on adsorption of silica particles at the surface of the different polysaccharides, tests were carried out at pH 4 in the presence of CaCl 2 (0.005 M to 0.05 M), using an initial SBA-15 concentration of 1 g/L.
Adsorption capacities of SBA-15 calculated from SEM images at different salt concentrations are shown in Figure 6 . The adsorbed amount increased with increasing the ionic strength following screening-enhanced adsorption regime. The screening effect of the salt reduced the electrostatic repulsions between the polymer chains and the silica particles both negatively charged.
Evaluation of Hydrogen Bonding Interactions
To check the contribution of the hydrogen bonding in the silica particles adsorption behaviour on the polysaccharide films, we have studied this adsorption efficiency in the presence of urea by immersing the polysaccharide surface-coated SBA-15 in a 1 M urea solution. It is known that urea can be used as a strong hydrogen bond breaker [39] [40] ; indeed it can be used for disrupting the hydrogen bridges possible to be present between hydroxyl groups of the polysaccharide surfaces and SBA-15 silanol functions. Figure 7 shows the SEM images of the polysaccharide surfaces before and after exposure to urea solution. It is noticed that the adsorption capacity was significantly affected by the presence of urea, showing clearly that area decreases strongly the adsorbed amount of SBA-15 on all the polysaccharide surfaces. This effect is very significant on PGUA for which the adsorption is close to zero in the presence of urea. The surface coverage is also reduced for cellulose whereas only a slight reduction is observed for xyloglucane.
The obtained result emphasizes the important role played by hydrogen bonding in the adhesion of the SBA-15 particles on the polysaccharide films. 
From Polysaccharide Model Surfaces to Real Flax Fibers
To evaluate the different flax fibers surface treatments on the adsorption of SBA-15 particles, experiments were performed using untreated and three various treated (soxhlet, water, and NaOH) bundles of fibers at pH 4. SEM images shown in Figure 8 indicate that surface fiber treatments play a significant role in the adsorption of silica, showing the efficiency of the treatments on the improvement of the interfacial adhesion. The adsorption density was remarkably increased after each treatment. Several reviews in literature are dedicated to the identification of the effect of the different treatments on the surface chemical composition [41] . It was previously reported that soxhlet solvent extraction permit to clean the fibers surface by removing waxy materials and organic impur-ities which induces a surface rich on pectins and hemicelluloses. Water treatment is known to remove pectins to yield hemicelluloses rich fiber surface. Alkali treated fires called mercerization removes pectins and hemicellu-loses revealing highly clean separated fibers with a surface composition dominated by cellulose [42] . this treat-ment is known also to activate the OH groups of the cellulose [43] , it's largely used to improve the mechanical properties of natural fibers used as reinforcement in composite materials [13] [14] . The PGUA, XG and cellulose thin films investigated in this work nicely model these three treatments. SBA-15 adsorption on the flax fibers is in excellent agreement with those obtained on polysaccharide model surfaces. 
Conclusion
This study aimed at identifying and understanding the nature of interactions between SBA-15 mesoporous silica particles and flax fibers. Because of the complexity of the flax fibers system, we have studied these interactions independently on the main constituents of the flax fibers representing them by model surfaces, by following the adsorption of the silica particles onto the polysaccharide model surfaces. PGUA and XG surfaces exhibited smooth topography with RMS roughness of 0.7 nm, while cellulose film was rougher with an RMS of 4 nm. All the model surfaces show a hydrophilic character, owing to the strong interaction between the hydroxyl groups of polysaccharides and water molecules. The magnitude of ξ-potential values of both silica and polysaccharides increased with increasing pH, whereas they decreased with increasing ionic strength. AFM and SEM results demonstrated that silica adsorption density varied significantly in pH with the highest at pH 4, while it increased with increasing of the Ca 2+ amount. Silica was adsorbed preferentially onto cellulose, followed by PGUA, then XG surfaces. These results support the important role of electrostatic interactions in the adsorption of SBA-15 onto polysaccharide surfaces and the high contribution of hydrogen bonding. Finally, results of adsorption of SBA-15 directly on both raw and treated real flax fibers are consistent with those obtained with model surfaces. SEM images have shown that the NaOH-treatment of the surface fibers improve strongly their adhesion with SBA-15 mesoporous silica particles.
